Plate motions relative to the hotspots over the past 4 to 7 Myr are investigated with a goal of determining the shortest time interval over which reliable volcanic propagation rates and segment trends can be estimated. The rate and trend uncertainties are objectively determined from the dispersion of volcano age and of volcano location and are used to test the mutual consistency of the trends and rates. Ten hotspot data sets are constructed from overlapping time intervals with various durations and starting times. Our preferred hotspot data set, HS3, consists of two volcanic propagation rates and eleven segment trends from four plates. It averages plate motion over the past ≈5.8 Myr, which is almost twice the length of time (3.2 Myr) over which the NUVEL-1A global set of relative plate angular velocities is estimated. HS3-NUVEL1A, our preferred set of angular velocities of 15 plates relative to the hotspots, was constructed from the HS3 data set while constraining the relative plate angular velocities to consistency with NUVEL-1A. No hotspots are in significant relative motion, but the 95 per cent confidence limit on motion is typically ±20 to ±40 km Myr 
locities relative to the hotspots, uncertainties in the segment trends and rates of volcanic propagation, though carefully considered, had been subjectively estimated and the age span of incorporated volcanoes varied considerably (Minster et al. 1974; Chase 1978; Minster & Jordan 1978; Gripp & Gordon 1990 ). Here we present a method for objectively estimating the uncertainty of the segment trends and incorporate them into our estimates of plate angular velocity. We tabulate ages of young hotspot volcanoes based as much as possible on consistent horizons, estimate the time it takes the bulk of a hotspot volcano to grow and check the consistency between volcano ages and plate speed.
Our investigation is aimed at answering the following questions:
(1) What is the best estimate of the current angular velocities of the plates relative to the hotspots?
(2) What is the best estimate of the uncertainties in the current angular velocities of plates relative to the hotspots? How do these uncertainties compare with prior estimates? (3) How can one objectively estimate the uncertainties of the trends of hotspot tracks? Are these uncertainties consistent with those estimated before? In particular, are the uncertainties previously assumed for trends on slow-moving plates realistic? (4) Over how short a time interval can one use hotspot tracks and still obtain usefully accurate plate motions? What's the best time interval to use?
(5) Are previously published estimates of current plate velocities relative to the hotspots consistent with the data now available?
(6) Does the current angular velocity of the Pacific Plate relative to the hotspots differ significantly from that averaged over the past ≈47 Myr, i.e. the time interval represented by the entire Hawaiian ridge (Sharp & Clague 1999 )?
(7) Are the patterns of plate rms velocities consistent with those found before?
(8) Do ages obtained from the tops of hotspot volcanoes accurately reflect the age at which most of the volcano formed?
The question of possible and appropriate time span is important for several reasons. NUVEL-1A, the global set of current relative plate angular velocities used herein, averages plate motion over a time span no longer than ≈3.2 Myr, the time interval over which nearly all of its spreading rates were determined (DeMets et al. 1990 (DeMets et al. , 1994 . There is convincing evidence that the motion of the Pacific Plate, which carries most of the useful hotspot tracks, changed direction by 8
• and increased in rate by about 20 per cent relative to the Antarctic Plate at ≈6 to ≈8 Ma. At the same time it also changed direction by 20
• to 25
• relative to the North American Plate (Cande et al. 1995; Atwater & Stock 1998) . In contrast, prior global hotspot data sets incorporated observations from some tracks spanning 10 to 30 Myr or longer. Thus, a new global hotspot data set spanning less than 6 to 8 Myr is needed.
Toward that end, we have determined a new set of angular velocities of the plates relative to hotspots that are consistent with the NUVEL-1A angular velocities. The new set of angular velocities, which we refer to as HS3-NUVEL1A, are based on a data set, HS3, of hotspot segment trends and volcanic propagation rates that average plate motion relative to the hotspots over the past ≈5.8 Myr. We chose this interval in part because it is the longest interval that is most likely to exclude the most recent major change in PacificAntarctic relative plate motion, which may have occurred as recently as 5.9 Ma (Cande et al. 1995) .
Herein we use units of millions of years (Myr) and kilometers (km) because they are appropriate to hotspot volcanoes. A predicted trend or rate is one estimated from a set of angular velocities constructed from data that exclude that trend or rate. In contrast, a calculated trend or rate is one estimated from a set of angular velocities constructed from data that include that trend or rate. We consider 'hotspots' to be surface features. When we use the phrase 'motion between hotspots', it refers only to motion between loci of volcanism. No implications are intended about relative motion of their sublithospheric sources.
In evaluating statistical differences, herein we use the 95 per cent confidence level, which is equivalent to a 5 per cent level of significance, as the confidence level is one (or 100 per cent) minus the significance level. In some cases, a result may lie just outside or inside the 95 per cent confidence limit and in other cases well outside or inside the limit. To convey additional information about how widely or narrowly a null hypothesis passed or failed, we also quote, usually parenthetically, the value of p, which is the probability of obtaining data as different or more different from the null hypothesis as the data we use. Barring bad luck, the smaller the value of p, the less likely that the null hypothesis is true.
M E T H O D S A N D R E S U L T S
We analyse hotspot data, uncertainties and model assumptions at four levels. First, we assign an age and a location to the volcanoes at the young end of each promising hotspot track-those with young islands or well-studied seamounts (tracks used in HS3-NUVEL1A are listed in Table 1 and Appendix A; see Gripp (1994) for a list of other hotspots considered but discarded). Second, for segments with enough young volcanoes, we estimate segment trends and volcanic propagation rates by least-squares. Third, we estimate a global set of angular velocities of the plates relative to the hotspots, while fixing relative plate angular velocities to those of NUVEL-1A (DeMets et al. 1990 (DeMets et al. , 1994 . Fourth, we compare results for hotspot data averaged over ten overlapping time intervals with various starting times and durations.
Level one: volcano age and location
Our first-tier analysis consists of assigning volcano age and volcano location (Table 1) , which are needed to estimate segment trend or volcanic propagation rate. We require that the volcano formed offridge (for Galapagos we use only the near-ridge, not the on-ridge, part of the track to measure trend), that a submarine volcano has been sampled (not just known from bathymetry) and that the volcano is young. To qualify as young, all rocks sampled from an edifice must be young and if the effective elastic thickness has been estimated for the underlying lithosphere, the thickness must be consistent with the edifice having a young age.
Volcano location
Unlike spreading centres, where young eruptions and intrusions occur within 1 to 5 km of the spreading centre axis (Macdonald 1986 ), hotspot volcanism is less localized. For example, Loihi, Kilauea and Mauna Loa, which are the three Hawaiian volcanoes in their main phase of construction, are separated by 60 km along trend (Table 1 , Appendix A). Within the past 30 000 yr, volcanism has occurred over a 375 km length of the Hawaiian Ridge. Thus the 0 Ma isochron for Hawaii is an undulating, subhorizontal surface (Moore 1987) , which cannot be drawn as a single line or point on a map. Even a single volcano is hardly a point because one volcano may be 100 km wide and have several rift zones and many vents.
To keep the analysis simple, however, we assign a single geographic point to each volcano. For volcanoes with summit calderas, which include ≈30 per cent of all volcanoes, we take the location of each volcano to be the centre of its summit caldera or the intersection of its rift zones. For ≈10 per cent of the volcanoes, usually those that are older and eroded, there is indirect evidence for the location of a summit caldera. For the remaining volcanoes (≈60 per cent) we use the geographic centre or summit.
Volcano age
Although a typical hotspot volcano erupts subaerially for at least several million years (Appendix A), the length of time it takes for a (Stoffers et al. 1994; ) Umu Volcanic Field −26.96, −111.05 b Active 1700-km 2 tholeiitic submarine lava field made up of ridges; degree of sample alteration ranges from fresh to thin crusts (Stoffers et al. 1994; Fretzdorff et al. 1996 (Baker et al. 1974) ; hawaiite from the oldest series of the main shield dated by K-Ar (Clark 1975 (Baker et al. 1974) ; K-Ar date on feldspar separates from a basalt at the base of a sea cliff (Clark 1975 ) Poike volcano −27.11, −109.26 e 0.69 ± 0.13 Whole-rock, K-Ar date on an olivine basalt from the deepest outcrop of the volcano (Kaneoka & Katsui 1985) , which belongs to the Main Group (Haase et al. 1997) ; Clark (1975) reports an age of 2.61 ± 0.28 Ma for a similarly located sample Sala y Gomez −26.46, −105.46 f 2.00 ± 0.07 Dredged hawaiite dated by K-Ar (Clark 1975) of unknown group; the tiny Island island comprises two eroded mugearite flows (Fisher & Norris 1960) one of which has a K-Ar date of 1.38 ± 0.04 Ma (Clark 1975) Galapagos ( Normally magnetized transitional shield volcano modified by normally magnetized (Abingdon) late fissure eruptions (Cullen & McBirney 1987) ; shield rock gives an age of 0.89 ± 0.24 Ma (White et al. 1993 ) San Salvador Isl.
−0.22, −90.77 k 0.78 Alkalic shield partially covered by younger flows; all lava flows are normally (James, Santiago) magnetized and the oldest K-Ar date is 0.79 ± 0.12 Ma (Swanson et al. 1974 ) Rabida Island −0.41, −90.70 k 0.99-1.07 Tholeiitic shield volcano; normally magnetized (Jaramillo?) shield is overlain by (Jervis) reversely magnetized rocks; average date from the scattered, stratigraphically inconsistent K-Ar dates is 1.0 Ma (Swanson et al. 1974 ) Pinzon Island −0.61, −90.66 k 1.40 ± 0.08 Rock dated by K-Ar (White et al. 1993 ) from this tholeiitic volcano (Duncan) (Swanson et al. 1974 ) Marchena Island 0.35, −90.46 g 0.56 ± 0.04 Basalt fragment in tephra from the transitional shield volcano (Vicenzi et al. 1990 ) (Bindloe) dated by K-Ar (White et al. 1993 ) Santa Maria Island −1.29, −90.45 k 1.52 ± 0.08 Alkalic basanatoid from the alkalic shield (Bow 1979 ) dated by K-Ar (Charles, Floreana) (White et al. 1993 ) Santa Cruz Island −0.64, −90.36 k 2.1 ± 0.5 K-Ar date of rock from the tholeiitic platform series (the oldest rocks on the (Indefatigable) island), after which follow the eruption of a shield made of M0RB-like tholeiitic basalts and alkalic basalts (Bow 1979 ; date from J. Dymond, pers. comm.) Santa Fe Island −0.81, −90.08 k 2.82 ± 0.05 Weighted average K-Ar date on a basalt (Bailey 1976 ) from the transitional volcano (Barrington) (Geist et al. 1985; White et al. 1993 ) Genovesa Island 0.33, −89.96 g 0.0 Rock with no detectable radiogenic Ar (White et al. 1993) ; island is tholeiitic (Tower) (White et al. 1993 ) and consists of a shield cut by younger fissure eruptions (McBirney & Williams 1969) (White et al. 1993 ) from the normally polarized alkalic Island (Chatham) flood basalts that underlie a shield and fissure eruptions composed of alkalic basalts, OIB tholeiitic basalts, MORB-like tholeiitic basalts, and all of their differentiates (Geist et al. 1986 ) of reversed and normal polarity (Cox 1971) ; however this K-Ar date is inconsistent with magnetic time scale of Hilgen (1991a) Unnamed seamount −1.19, −89.11 l 5.8 ± 0.8 Ar-Ar plateau age from an aphyric highly vesicular moderately altered basalt (Sinton et al. 1996) Hawaii ( (Stuessy et al. 1984 ) from the moderately eroded volcano (Baker et al. 1987 (Stuessy et al. 1984) from the deeply dissected volcanic island (Baker et al. 1987 (Stoffers et al. 1989 ): a much older volcano was discovered on its flank after this data set was finalized (J. Reynolds and K. Jordahl, pers. comm., 1999) Binard et al. 1992b) ; the average isotopic ratios from this volcano lie nearer the isotopic ratios of the posterosional volcanism on Pitcairn than do those of Bounty (Woodhead & Devey 1993) (Hart et al. 1999) ; it was, however, dredged after this data set was finalized, at which time it was known only as an unsampled seamount discovered by Johnson (1984) (Duncan 1985) ; dates from one its islets (Nukufetau) span 0.08 to 0.50 Ma (excluding a date of 172 Ma, which is considered suspect because the rock is as fresh as and has a composition similar to the other samples) (Price et al. 1991) ; this young volcanism may overlie an older volcano (Duncan 1985) , but this could still not account for the 172 Ma date because it is older than the underlying seafloor (Price et al. 1991) Society ( (Cheminee et al. 1989; Hekinian et al. 1991) ; 1985 earthquake swarms chronicled by Talandier & Okal (1987) coincided with this group of volcanoes (Cheminee et al. 1989 (Talandier & Kuster 1976) ; popping trachytes and alkalic basalts (Cheminee et al. 1989; Hekinian et al. 1991 and flanks smoothed by sediments, talus, and Mn crusts (Binard et al. 1992a) ; fresh trachytes recovered near its summit (Devey et al. 1990 ) Teahitia Seamount −17.57, −148.82 y Active Earthquake swarms on this seamount (Talandier & Kuster 1976) ; hydrothermal activity (Hoffert et al. 1987) ; popping basanites Age of the end of the Gauss normal chron (Hilgen 1991a) because no reversely polarized rocks have been sampled and all but three samples (two of which are from late-stage trachytic intrusions) from (Duncan & McDougall 1976) and Roperch & Duncan (1990) yield ages greater than 2.6 Ma within their 95 per cent confidence limits; we treat this as one volcano unlike Brousse et al. (1983) and Diraison et al. (1991) Upper crustal body with a low P-wave speed (4 km s −1 ) and a negative Bouguer anomaly; these properties are consistent with a 10-50% partial melt of rhyolite composition, although these characteristics are also consistent with steam and water-filled cracks Lehman et al. 1982 (Morgan et al. 1984) Radiometric ages have been corrected to the decay constants of Steiger & Jager (1977) . Magnetostratigraphy ages from Hilgen (1991a,b) . a Highest peak from that part of the Ahu Volcanic Field surveyed by Stoffers et al. (1994) . b Summit from map in Fretzdorff et al. (1996) . c Position of volcano (Stoffers et al. 1994) . d Centre of seamount summit from bathymetry in Hagen et al. (1990) . e Centre of summit caldera; summit caldera geometry from Chubb (1933) (Sinton et al. 1996) . m Summit of seamount from map in Malahoff (1987) . n Projected intersection of the rift zones at the summit caldera from a map in Holcomb (1987) . o Projected intersection of the rift zones at the summit caldera from a map in Lockwood et al. (1987) . p Volcano summit from the map of Defense Mapping Agency Aerospace Center (1969) . q Position of volcano from map in Moore & Clague (1992) . r Projected intersection of rift zones at the summit caldera from maps in Langenheim & Clague (1987) . s Approximate centre of the possible Hawaiian volcano (David Clague, pers. comm., 1989) . t Centre of caldera from map in Langenheim & Clague (1987) . u Extrapolated centre of now-eroded Niihau's summit caldera from sketch in Stearns & Macdonald (1947) . Binard et al. (1991) . z Position is based on the midpoint of four rocks shown on map of Director of Military Survey (1976a) . aa Centre of bay on map of Director of Military Survey (1976a); centre of bay is roughly the centre of a collapsed caldera (Chubb 1927) . bb Dredge location (Desonie et al. 1993) . cc Caldera centre (caldera geometry from Brousse et al. (1990) ; island location from map of Aeronautical Chart Service (1951)). dd Island centre from map of Aeronautical Chart Service (1951) . ee Approximate centre of seamount from bathymetric map by Mammerickx (1992a) . f f Centre of Atuona Caldera (caldera geometry from Gonzales-Marabal (1984) ; island location from map of Aeronautical Chart Service (1951)). gg Centre of seamount/bank from map in Liotard et al. (1986) . hh Island summit from map of Aeronautical Chart Service (1951) .
ii Centre of main island from the map of Defense Mapping Agency Aerospace Center (1989a). j j Centre of seamount summit from bathymetry from Cherkis et al. (1989) .
kk Highest peak on island from map in Almeida (1961) . ll Binard et al. (1992b) . mm Caldera centre (caldera geometry from Carter (1967) ; island location from of Director of Military Survey (1976b) (Johnson 1984) . rr Centre of Bouguer gravity anomaly from map in Machesky (1965) . ss Centre of PPT summit (as defined by the 1000-m contour) from map in Hawkins & Natland (1975) . tt Centre of Fagaloa caldera; caldera geometry from Natland & Turner (1985) , island location from the map of Defense Mapping Agency Aerospace Center (1976) . uu Island summit from the map of Defense Mapping Agency Aerospace Center (1976). vv Binard et al. (1992a) . ww Centre of plutonic complex from map in Williams (1933) . xx Centre of island or atoll from the map of Defense Mapping Agency Aerospace Center (1983) . yy Island summit from the map of Defense Mapping Agency Aerospace Center (1983) . zz Caldera centre from map in Stark & Howland (1941) . ab Island summit from the map of Defense Mapping Agency Aerospace Center (1973) . ac Approximate centre of the zone of 4 km s −1 P-wavespeed . ad Caldera centre from outline in Christiansen (1984) . ae Centre of caldera from outline in Pierce & Morgan (1992). volcano to grow from the seafloor to the sea surface is poorly constrained by observations. Growth of the main shield occurs rapidly followed by a transition to eruptions at much lower rates and usually with different compositions and styles (McDougall & Duncan 1980; Clague & Dalrymple 1987) . The duration of the whole volcanic cycle at a single hotspot volcano may be inversely related to plate speed (Emerick & Duncan 1982) . It also appears likely that the length of time of main shield building may be inversely related to plate speed, at least between Hawaii (≈100 km Myr −1 ) and Galapagos (≈20 km Myr −1 ). To keep the analysis simple, we assign a single instant in time to each volcano based on the age of its exposed rocks and, rarely, rocks obtained from drilling. If the transition from high to low eruptive rate has been dated for many young volcanoes in a track, as for the Hawaiian, Society and Yellowstone tracks, then we assign the age of this transition to be the volcano age. For volcanoes still in their main stage of growth, as for Loihi, Kilauea and Mehetia, we assign a non-numerical age of active rather than using a too-old date or guessing when the stage of high eruptive volume will end. For estimating volcanic propagation rates, we of course use only the numerical ages. The non-numerical ages are essential, however, for determining which volcanoes to include when estimating trends.
For most hotspot tracks, no stages or horizons have been correlated because the eruptive histories of the individual volcanoes are so dissimilar, the exposures are so poor, mapping is so limited, or the age estimates are so few. For these chains we generally assign volcano age as the oldest reliable age date unless the volcano is still in its main phase of growth. Many volcanoes have no age estimates. We assign a non-numerical age of young if an undated volcano lies on young seafloor, if it is an undated volcanic island, or if it is a seamount from which only fresh or recently hydrothermally altered rocks have been dredged. A volcano may be composed of both young and old rocks. If dated, we assign to it the age of the earlier volcanism, otherwise we assign a non-numerical age of mixed. We assign a non-numerical age of undated to a volcano having no useful estimate of age.
In principle, numerical age estimates should be increased by the length of time it takes each volcano to grow from inception to the eruption of its dated horizon. To do so would be unrealistic, especially because of the variable length of time it takes to grow a volcano. Nevertheless one can use the age progression along a chain to estimate the minimum length of time needed to build a volcanic shield. Various straight-line fits to volcano ages versus distance along the Hawaii and Society chains indicate that it takes 0.8 Myr to build volcanoes in either of these chains (Table 2, Appendix B). Thus the HS3-NUVEL1A angular velocities, which span active to 5.0 Ma, average plate motions relative to the hotspots over the past ≈5.8 Myr.
Level two: trends and rates and their uncertainties

Trends
The observed segment trend is the direction of plate motion relative to a hotspot as delineated by its surface track for a specific time interval. Strictly speaking, the segments should be small circles about the (unknown) pole of rotation. For those short segments we examine, however, the data are fit nearly as well by a great circle as by a small circle. The additional parameter needed to specify the curvature of a small circle is highly uncertain and adds no useful information (cf. Gordon et al. 1984) . Consequently, we take the observed segment trend to be the tangent to the great circle that best fits the individual volcanoes of the time interval (Table 3) . We solve for the best-fit great circle by minimizing the following expression
where N volc is the number of volcanoes in the segment,m j is the unit position vector of the jth volcano andb is the unit vector of the best-fit pole.
We use exact error propagation, instead of a linearized approximation, to propagate the uncertainty in chain width into uncertainty in trend, i.e.
where l obs is the observed length of the segment and σ width is the across-trend standard deviation of volcanoes in a hotspot track, as is discussed further below. The trend uncertainty is independent of the number of volcanoes within the segment and trends from short segments have greater uncertainty than those with long segments. a χ 2 ν is reduced chi-square and equals (χ 2 rate )/ν, where ν is the number of degrees of freedom, which in this case is the number of volcanoes minus 2. b l is the length along the observed segment trend measured from the young end of the segment.
Trend uncertainty
To estimate trend uncertainty (eq. 2), one needs an estimate of the width of hotspot segments, which we take to be the standard deviation of volcano location about the best-fitting great circle and which can be directly estimated for nine of the eleven chains. Values range from 3 to 55 km (Table 3) . Using a two-sided F-test to test the null hypothesis that two segments have the same standard deviation, we find that 27 of 36 pairs of standard deviation are indistinguishable at the 95 per cent confidence level (Table 4) . Each of the nine that differ significantly include either Galapagos (whole archipelago; four of the comparisons) or Yellowstone (six of the comparisons) or both (one comparison). The significantly smaller Yellowstone standard deviation (7 +19 −3 km, 95 per cent confidence level here and below), does not incorporate the ≈100 km width of the calderas (Appendix A) and we consider it no further. The significantly larger Galapagos standard deviation (55 +25 −13 km) reflects the existence of two subtracks, the Carnegie Ridge and the Wolf-Darwin lineament (Appendix A). That Easter has the next largest sample standard deviation (43 +52 −15 km) and that it differs more from Hawaii than from Galapagos, suggests that hotspots on young lithosphere have greater widths than those on older lithosphere.
All chains except Easter and Galapagos were assigned a 1σ width of 33 km, which is the average of the 1σ width for Hawaii and Society, the two chains with the best data. This agrees well with the weighted average 1σ width of the Hawaiian, Juan Fernandez, Marquesas, Pitcairn, Samoa and Society chains, which is 32 +8 −6 km (95 per cent confidence limits). We assign a larger 1σ width of 55 km to the two hotspots (Easter and Galapagos) that are on young lithosphere.
Rates
Volcanic propagation rate was estimated from the slope of the line that best fits assigned volcano age vs length along the chain, with age taken as the dependent variable and distance as the independent variable. We omit age dates from active volcanoes, because the use of dates within the active phase would bias the volcanic propagation rates upward. For example, if we had set the ages of Mauna Loa, Kilauea and Loihi, which are all active, to 0.0 Ma, then the estimated Hawaiian rate would have been 10 km Myr −1 greater than the rate we use (Table 2 ). Rates are estimated only for chains where a somewhat consistent horizon has been dated for many volcanoes, which leaves only the Hawaiian and Society tracks, both on the Pacific Plate.
Rate uncertainty
We consider two estimates of age uncertainty: analytical uncertainty and standard deviation. In practice, the rate regression with analytical uncertainties has values of χ 2 rate that are unacceptably large (Table 2 , column 4). For example, the fit to Hawaiian volcano ages gives a value of 29 for χ 2 ν (reduced chi-square, i.e. χ 2 divided by ν, the number of degrees of freedom, where ν equals the number of data minus the number of adjustable parameters). The probability, p, of finding a value of χ 2 ν this large or larger if these uncertainties were appropriate is only 10 −29 . Thus, dispersion of ages about a straight-line fit vs distance indicates a much larger uncertainty than that expected for a high-quality radiometric date. Thus, the estimated standard deviation leads to more realistic uncertainties in the propagation rates than do the analytical uncertainties.
Level three: estimating angular velocities
The angular velocities of plates relative to the hotspots are determined from a grid search for the minimum weighted, least-squares error,
is the ith datum (rate or trend), d cal i is the value calculated from the grid value for the ith datum, σ i is the standard error of the ith datum and N is the number of data. A global set of angular velocities , where χ 2 0.975 and χ 2 0.025 are evaluated for n − 2 degrees of freedom and n is the number of volcanoes (Spiegel 1975) . b Young seafloor σ width = ± 55 km. Old seafloor or continent σ width = ± 33 km. c ≈ denotes guessed age based on better volcano ages along the track. d NM ≡ 'not meaningful'. These statistics could not be meaningfully calculated because there are only two volcanoes.
uses all rates and trends from a given time interval. While testing our assumptions, we also invert a variety of data subsets to study the origin and measure the significance of the misfit to the hotspot data. A trend-only set of angular velocities uses all trends from a given time interval. We assess the influence of a single hotspot datum (either trend or rate) by removing that datum and then re-inverting the resulting smaller data set and using the results to predict that datum. From this analysis we can estimate one component of motion Table 4 . F-values and significance (two-sided) of differences between width sample standard deviations. (trend-perpendicular for a trend, trend-parallel for a rate) of any one hotspot relative to other hotspots from the difference between the observed and predicted datum. Data importance, I i , provides an estimate of the information contribution of the ith datum to its calculated value (Minster et al. 1974) . The sum of the data importances equals the number of independent adjustable parameters, which is 3.0 in this case. An importance of 1.0 implies that there exists a reparametrization for which that datum completely specifies the value of one parameter. An importance near zero indicates that a datum contributes little information to the estimated parameters.
Uncertainties in angular velocity relative to the hotspots are estimated by linear propagation of errors. We found that statistical parameters derived from linear propagation of errors agree well with the parameters from exact propagation, which indicates that linear propagation of errors is a useful approximation for our analysis. We neglect the errors from the NUVEL-1A set of relative plate angular velocities, for which 1-D standard errors are about one tenth the length of those of the hotspot errors. Because the relative plate motion errors are neglected, the 3 × 3 hotspot covariance matrix is invariant with respect to which plate is held fixed. We are aware that revised estimates of current global relative plate velocities are under construction. Because of tests we performed with earlier estimates of relative plate motion, however, we believe our conclusions about short-term motion between hotspots and appropriate averaging interval are robust, although the angular velocities of the plates relative to the hotspots will need some modification when a new set of relative plate angular velocities is incorporated.
Trend fitting function
When determining angular velocities relative to the hotspots, we replace (d is the calculated volcanic propagation rate. It is unclear what is the most appropriate fitting function to use for calculated volcanic propagation rate. For some models for how a mantle plume interacts with the lithosphere, the appropriate function would be the projection of the calculated velocity onto the observed trend (|v cal i | cos α i ) (Chase 1972) . For other models, the appropriate function would be the deprojection of the calculated velocity from the observed trend (|v cal i |/ cos α i ), similar to apparent velocity. There is really no good evidence to choose between these two fitting functions. Thus, we choose to split the difference between them by using a third fitting function, the trend-independent formulation of Minster et al. (1974) , which assumes d cal i = |v cal i |. These three fitting functions give identical results only if the trend calculated for a hotspot with an observed rate is identical to the observed trend. The difference in results from the fitting functions increases as the angle between a calculated and an observed trend increases.
For the time interval of active to 5 Ma the difference between observed and calculated trends is 3.3
• for Hawaii and 1.9
• for Society. Use of the Minster et al. (1974) fitting function results in a Pacific-hotspot rotation rate only 0.002 deg Myr −1 less than that which would have resulted if the fitting function of Chase (1972) had been used instead.
Level four: evaluation and comparison of global sets of angular velocities
Trends and rates were analysed from ten overlapping time spans: active to 3.2 Ma, active to 4.0 Ma, active to 5.0 Ma, active to 
Influence on trend uncertainty of the consistency between volcano age and plate speed
The uncertainties assigned to trends depend on the observed segment length (Table 3) , which in turn depends on observed volcano age and location. If the observed segment lengths are greater than the true length formed during a time interval, then the results would be negatively affected in two ways. First, the trend would be assigned an uncertainty that was too small and thus would be given too much weight in the analysis. Second, the trend would be biased toward directions of motion outside the time interval. Most volcano ages are of insufficient accuracy and density to be used to predict segment length accurately. As an alternative the inferred duration (Table 5) is estimated using the observed segment length and plate speeds predicted from an interim data set which has trend uncertainties based solely on segment length (Table 3) .
Let t
| be the duration inferred from the observed segment length of the ith hotspot, where |v pred i | is the speed predicted from an estimated set of plate angular velocities relative to the hotspots determined from all hotspot data except that of the ith hotspot. t i , the difference between t pred i and the assumed duration of the model, ranges from −5.03 to +6.90 Myr for the time interval of active to 5.0 Ma (Table 5) . A negative t may be due to a discontinuous hotspot track or to the track having been only sparsely surveyed (e.g. Martin Vaz, Pitcairn and Samoa), but a positive t suggests along-trend motion of the hotspot, poor age dates, long-lasting volcanism, inaccuracies in the assumed relative plate motions or some combination of these. Galapagos, Juan Fernandez and Hawaii have positive t's.
The maximum predicted segment length can be estimated by multiplying predicted speed by the duration (5.8 Myr). Applying eq. (2) to this predicted length gives a minimum uncertainty for the trend. We find that the only minimum trend uncertainties that are significantly larger than those originally estimated are for the Galapagos segments that include active volcanism (e.g. Table 5 ). Most of the large positive t's for these Galapagos segments are likely to be caused by the main stage of Galapagos growth lasting longer than the 0.8 Myr duration estimated for Hawaii. Along the observed Galapagos trend, active volcanoes span 110 km compared with 60 km for Hawaii (Appendix A). Measured along the predicted trend (084.8
• ), the active length is 85 km. When divided by the predicted rate, this indicates a 3.9 Myr duration for the main stage of Galapagos growth. To avoid overweighting the Galapagos data, we increased the assigned trend uncertainty for the four data sets that include active volcanism, including the active to 5 Ma data set, to be the minimum trend uncertainty. As expected, the volume of the error ellipsoids increased and the Galapagos data importance decreased, but changes in angular velocities were minor.
Mutual consistency of trends and rates
When we invert the trend-only data subset of HS3, the trends (and assigned uncertainties) are found to be mutually consistent (χ 2 = 5.1 with 8 degrees of freedom, p = 0.75) attesting to the mutual consistency of our objectively estimated errors and the assumption that the hotspots are fixed. When we invert the HS3 global data set (of trends and rates), they are found to be mutually consistent (χ 2 = 8.0 with 10 degrees of freedom, p = 0.63). Moreover, a one-sided F-test of the significance of the decrease in chi-square when the rates are removed from the global data set indicates that the decrease in misfit (from 8.0 to 5.1) is insignificant for the active to 5 Ma interval used for HS3-NUVEL1A. It is also insignificant for the nine other time intervals. Thus, within the dispersion of the data and our error budget, the rates and trends are mutually consistent. This does not require that the difference between the global and trend-only angular velocities is small for a given time interval. Indeed, the length of the vector difference in angular velocity ranges from 0.05 deg Myr −1 (active to 5 Ma) to 0.91 deg Myr −1 (1 to 6 Ma). Sandwell & Smith (1995) .
Solution stability and robustness
To evaluate solution stability for a given time interval, we examine the difference in the predicted and calculated trends from all sets of angular velocities determined by removing one datum and reinverting the remaining data. We found that removal of one datum can cause large changes in predicted and calculated trends if an interval is only 4 Myr long (Fig. 1a) . For example, for the 2 to 6 Ma interval, removal of one datum causes the predicted and calculated trends of Hawaii to vary by as much as 34
• (Fig. 1a) . In contrast, for all data sets spanning 6 Myr, removal of one datum causes the predicted and calculated trends of Hawaii to vary by no more than 10
• (e.g. Fig. 1b) . These results suggest, but by no means prove, that a 6-Myr-long averaging interval gives a more stable solution than does a 4-Myr-long interval. In any event, they verify the stability of the results obtained for the HS3 data set for which the variation in predicted and calculated Hawaiian trend is 6
• (Fig. 1b) .
Potential effect of including data that were rejected
Trends and rates. The trends of many hotspot tracks, including some used by prior workers, were rejected here for several reasons:
(1) the track formed on a spreading ridge, (2) the plate speed was too slow to make a meaningful trend, (3) the available dates are of poor quality, or (4) there are fewer than two sampled volcanoes with ages of 5 Ma or younger.
To assess the effect of the rejection of these hotspot tracks on the angular velocities of HS3-NUVEL1A, we estimate observed trends for eleven rejected tracks (Table 6) , adding them singly to the HS3 data set and then re-inverting the data (Table 7) . We also did the same for three rates excluded from the HS3 data set (Tables 8 and 9 ). All rejected data, except the Comores trend, Réunion trend, Tasmantid trend and Galapagos rate, have misfits (observed minus predicted) smaller than their combined 95 per cent confidence limits (Tables 7  and 9 ). These same four data cause the largest changes in angular velocity, but no change is significant at the 95 per cent confidence level. The addition of any single datum, except the Comores and Réunion trends, decrease the volume of the resulting confidence ellipsoid by less than 15 per cent.
The Réunion trend has a data importance of one and decreases the error volume by more than 90 per cent without increasing χ 2 hotspot significantly. This result sounds promising, but must be rejected. The resulting African-hotspot pole of rotation is shifted just north of the Réunion hotspot; consequently, rotation about the pole could not have created the observed length of the corresponding track in 40 Myr, much less in 5.8 Myr! The Réunion trend and rate, the latter of which was inferred from only two volcano ages, are incompatible with each other when included in the HS3 data set. The Comores track has the same problems, but no meaningful statistics could be is the observed trend minus the predicted trend. The 1-D errors are calculated using multivariate error analysis. b I is the data importance the unacceptable datum has in a data set consisting of the HS3-NUVEL1A data and the unacceptable datum.
is the percentage volume decrease relative to the HS3-NUVEL1A error ellipsoid, where V 0 is the volume of the HS3-NUVEL1A standard error ellipsoid and V is the volume of the standard error ellipsoid when an unacceptable trend is added to the HS3-NUVEL1A data set. d χ 2 is the increase in χ 2 hotspot relative to that of HS3-NUVEL1A (χ 2 hotspot = 8.0) when an unacceptable trend is added to the HS3-NUVEL1A data set. e Young seafloor σ width = ± 55 km. f NM ≡ 'not meaningful.' These statistics could not be meaningfully calculated. Trend misfits and v t 's printed in bold differ significantly from zero with ≥95 per cent confidence. calculated for any data set including the Comores trend. Although the inability to satisfactorily fit these tracks may be partly due to treating Africa as a single plate instead of separate Nubian and Somalian plates (cf. Chu & Gordon 1999) , the main difficulties are surely due to the unreliability of short tracks and possibly to longlasting volcanism on slow plates.
Even if we added all rejected trend data listed in Table 6 , except those from Africa, to the HS3 data set, the volume of the confidence ellipsoid would only decrease by 36 per cent.
On-ridge hotspots. Morgan (1978) and Schouten et al. (1987) proposed that some on-ridge hotspots are caused by the channelling of a near-ridge source to the closest point on a nearby spreading ridge. Here we use the model of Schouten et al. (1987) , which excludes the ridge-perpendicular component of plate velocity relative to the hotspots, to predict trends for the Wolf-Darwin lineament of the Galapagos and for both Cobb tracks. These predicted trends are closer to the observed trends (Table 10 ) than are those predicted from HS3-NUVEL1A. None of these observations differ significantly from the HS3-NUVEL1A predictions (Table 10 ) however, and thus the Schouten et al. (1987) model can be neither excluded nor confirmed.
HS3-NUVEL1A
Angular velocities
HS3-NUVEL1A describes the motion of 15 assumed-rigid plates relative to a global set of hotspots over the past several million years (Tables 11 and 12 , Fig. 2 ). The data used to estimate the relative plate motions are averaged over different time intervals. Earthquake focal mechanisms reflect motion averaged over years or decades to tens of thousands of years, transform faults average motion over hundreds of thousands to millions of years and spreading rates average motion over 3.2 Myr (DeMets et al. 1990 (DeMets et al. , 1994 . The volcanoes used to estimate trends and rates for HS3-NUVEL1A all have observed ages of 5 Ma or younger. Summing the 5 Myr length of the 0 to 5 Ma time interval with the minimum time (≈0.8 Myr) that we estimate it takes a shield volcano to grow indicates that the time interval averaged for HS3-NUVEL1A is ≈5.8 Myr long. Our 'global' hotspot data span only a hemisphere and consist of eleven segment trends and two volcanic propagation rates. The segment trends lie on the Pacific, Nazcan, North American and South American plates.
For the angular velocities of both Minster & Jordan (1978) and Gripp & Gordon (1990) , the motion of the Antarctic, Caribbean and Eurasian plates relative to the hotspots differed insignificantly from zero. In contrast, the angular velocities of all plates relative to the hotspots differ significantly from zero ( p ≤ 0.008) in HS3-NUVEL1A. The difference is due both to smaller uncertainties in HS3-NUVEL1A and to its having greater rotation rates relative to the hotspots. Some plates in HS3-NUVEL1A nevertheless move slowly relative to the hotspots (Table 12 , Fig. 2 Schouten et al. (1987) velocities are predicted using NUVEL-1A for the relative plate velocity at the spreading ridge, using HS3-NUVEL1A for plate velocity relative to the hotspots predicted at the spreading ridge, and assuming the spreading ridge is perpendicular to spreading direction.
America differs significantly from that in NUVEL-1A (Dixon et al. 1998) .
Plates with large continental area tend to move slower than oceanic plates, but there is much overlap in the rms velocities with, for example, the Juan de Fuca, Scotia, Caribbean and Nazca plates all moving more slowly than the South American, Indian and Australian plates (Fig. 3a) . Plates with a substantial portion (28-44 per cent) of their boundaries attached to subducting slabs tend to move faster than plates with little (≤9 per cent) or none of their boundaries attached to subducting slabs (Forsyth & Uyeda 1975) , but again with overlap in rms velocities (Fig. 3b) . Among the six plates attached to substantial subducting slabs (Juan de Fuca, Nazca, Cocos, Australia, Philippine and Pacific), the rms velocity tends to increase with increasing age of the lithosphere being subducted (Carlson et al. 1983) (Fig. 3c) . Some of the slowest moving plates move in surprising directions (Figs 2 and 4) . The Antarctic Plate moves slowly but significantly away from the Peru-Chile trench. The African Plate and, to a lesser extent, the Juan de Fuca Plate move obliquely relative to their short trenches. These directions of motion may be real, but small systematic errors, especially in observed rates and in NUVEL-1A (cf. Gordon et al. 1999 ), might better explain these results. In HS3-NUVEL1A the Pacific Plate moves 8-9 km Myr −1 faster to the west-northwest than in HS2-NUVEL1 (Fig. 4) .
As a check on the robustness of our angular velocities, we investigate their sensitivity to the omission of a single datum. Removing any one datum always results in an angular velocity that lies inside the 95 per cent confidence ellipsoid of HS3-NUVEL1A. The omission of the Hawaiian rate has the most significant effect ( p = 0.10 whereas p ≥ 0.34 for all other cases). Thus the set of angular velocities appears to be robust. If the rates are omitted, a set of angular velocities can be estimated from the trend-only data set, which has an uncertainty of the component in angular velocity parallel to the Pacific-hotspot pole that is ±0.62 deg Myr −1 (95 per cent confidence), which is six times greater than that for HS3-NUVEL1A.
Net-rotation of the lithosphere
NNR-NUVEL1A is a set of angular velocities, consistent with the NUVEL-1A relative plate velocities, of the plates in a reference (a) The percentage of the plate area that is continental, as defined by the 2-km-deep contour, is plotted against rms velocity. (b) The approximate percentage of plate boundary that is attached to a subducting slab (based on the subduction zones marked in Fig. 4 ) is plotted against rms velocity. (c) The approximate range of the age of the seafloor about to be subducted (read off of map of Mueller et al. (1996) , except that of Africa, which is from Jarrard (1986) , and that of Eurasia, which was read off of the map of Cande et al. (1989) ) is plotted against rms velocity. Symbol size increases with increasing percentage of boundary attached to a slab. frame in which there is no net rotation of the lithosphere (Argus & Gordon 1991; DeMets et al. 1994) . The uncertainty of the angular velocity of a plate relative to the no-net-rotation reference frame (Gripp 1994 ) is small relative to the uncertainty of the angular velocity of the same plate relative to the hotspots. It is thus neglected below. The angular velocity of any plate relative to the NNR-NUVEL1A no-net-rotation reference frame differs significantly from the corresponding angular velocity relative to the hotspots specified in HS3-NUVEL1A ( p = 8 × 10 −17 ) (Table 12) . Thus, the lithosphere has a net rotation relative to the hotspots of 0.44 ±0.11 deg Myr −1 (95 per cent confidence level here and below) about a pole of 56
• S, 70
• E, faster than the net rotation (0.33 ± 0.17 deg Myr −1 ) for HS2-NUVEL1 (Argus & Gordon 1991) . The newly determined net rotation can be compared with predictions from models for plate driving forces. For example, Cocksworth (1995) used the NUVEL-1 relative plate motions as observables to invert for the relative contribution of plate driving forces. He predicted that the net rotation of the lithosphere relative to the deep mantle should be 0.252 deg Myr −1 about 59
• E (after a small correction to bring the prediction to consistency with NUVEL-1A). This prediction lies outside the 3-D 95 per cent confidence region ( p = 4 × 10 −4 ), but the predicted pole does lie inside the 2-D 95 per cent confidence ellipsoid for the pole location. The statistical significance of the net rotation depends critically on 
C O M PA R I S O N W I T H P R I O R R E S U LT S Uncertainties in, and information content of, trends and rates
For the HS3 data set, trend standard errors on the Pacific Plate range from ±6.3
• for 600-km-long Hawaii to ±35.9
• for 90-km-long Pitcairn (Table 3) . In contrast, prior data sets have Pacific Plate standard errors ranging from ±10
• to ±20 • (Table 13 ). For the HS3 data set, trend standard errors on the Nazca Plate range from ±14.0
• for Juan Fernandez to ±40.9
• for Galapagos. This compares with ±10
• to ±20 • in prior data sets. Relative to previously assigned uncertainties, our length-dependent trend uncertainties lead to the following:
(1) a greater variation in assigned standard errors C 2002 RAS, GJI, 150, 321-361 a Bold hotspots were used in HS3-NUVEL1A. b I is data importance. A data importance in bold is the data importance the trend has in HS3-NUVEL1A. A data importance in italics is the data importance the trend would have had in HS3-NUVEL1A if it had not been excluded from that data set. Data importances were not published in Pollitz (1986) and Ricard et al. (1991) , but were calculated herein. c NM = 'not meaningful.' Importance could not be meaningfully calculated. d Young seafloor width standard error is ±55 km.
(2) smaller uncertainties for the trends on the Pacific Plate, especially for the Hawaiian trend, and (3) larger uncertainties for the trends on other (less fast moving) plates (Table 13 ).
Our results indicate that the uncertainties assigned to trends for the slow-moving plates in prior work were too small and in some prior data sets unrealistically small (cf. Ricard et al. 1991) (Table 13 ). The rates in HS3 have a total data importance of 1.1 (Table 14) .
The greater weighting given herein to Pacific Plate trends seems appropriate. For a hotspot segment to have a discernible trend, its length should be at least twice its width. The ±1σ width of a typical hotspot track is 66 km (equal to twice the standard deviation). Thus a discernible trend requires a length of ≈130 km or more. For the fastest moving plate, the Pacific Plate, which moves ≈100 km Myr −1 , it takes 1.3 Myr to build a track this long. For a plate with the median plate speed (30 km Myr −1 ), it takes 4.3 Myr. For a slow moving plate (10-20 km Myr −1 ), it takes 6.5 to 13 Myr. Thus, useful hotspot tracks for the HS3-NUVEL1A set of angular velocities with its ≈5.8 Myr duration come dominantly from the fastest-moving plate (the Pacific Plate), with less useful tracks from plates moving at about the median speed (South American, Nazcan and North American plates) and no useful tracks from slow-moving plates.
Differences between HS3-NUVEL1A and HS2-NUVEL1
The volume of the 3-D error ellipsoid of HS3-NUVEL1A is about half that of HS2-NUVEL1. Nine of fourteen of the HS2-NUVEL1 angular velocities lie outside the 95 per cent confidence region of the corresponding HS3-NUVEL1A angular velocity (Table 12) . However, all fourteen of the HS3-NUVEL1A angular velocities (with counterparts in HS2-NUVEL1) lie inside the 95 per cent confidence region of the corresponding HS2-NUVEL1 angular velocity. The vector difference between the angular velocity of a plate relative to the hotspots in HS3-NUVEL1A and its counterpart in HS2-NUVEL1 varies from plate to plate. The largest difference (a vector with a length of 0.17 deg Myr −1 ) is for the Cocos Plate, which is statistically significant ( p = 5 × 10 −3 ) and the smallest difference (0.08 deg Myr −1 ) is for the Pacific Plate, which is statistically insignificant ( p = 0.32) (Fig. 4, Table 12 ).
These changes can be thought of as having two components. The first component is the change in assumed relative angular velocities. The change in vector length of an angular velocity relative to the Pacific Plate in NUVEL-1 and the corresponding angular velocity in NUVEL-1A varies from a high of 0.09 deg Myr −1 for the Cocos Plate to a low of 0.02 deg Myr −1 for the Juan de Fuca Plate. The second component is the change of the Pacific Plate angular velocity between HS2-NUVEL1 and HS3-NUVEL1A, which may be caused by several factors including the following:
(1) Volcanic propagation rates were fit by the Chase (1972) rate fitting function in determining HS2-NUVEL1, but by the Minster et al. (1974) fitting function in determining HS3-NUVEL1A.
(2) The set of relative plate angular velocities was changed from the NUVEL-1 angular velocities in HS2-NUVEL1 to the (4.38 per cent) smaller NUVEL-1A angular velocities in HS3-NUVEL1A.
(3) The data set of volcano trends and propagation rates, along with their assigned uncertainties, was revised.
Numerical experiments indicate that the third factor, the revisions to the volcanic trends, propagation rates and their associated uncertainties has an effect many times greater than the other two factors. The size of the effect of the third factor is indicated by two numerical experiments. First, we combine the HS3 data set with the NUVEL-1 angular velocities using the Chase rate fitting function and compare it with HS2-NUVEL1 (which was determined using the Chase rate fitting function). The resulting Pacific-hotspot rate of rotation is 0.08 deg Myr −1 higher, and the calculated rate at Hawaii is 9 km Myr −1 higher, than in HS2-NUVEL1. Second, we combine the HS2 data set with the NUVEL-1A angular velocities using the Minster et al. (1974) fitting function to compare it with HS3-NUVEL1A (which was determined using the Minster et al. (1974) rate fitting function). The resulting Pacific-hotspot rate of rotation is 0.11 deg Myr −1 lower, and the calculated rate at Hawaii is 12 km Myr −1 lower, than in HS3-NUVEL1A. These changes are as large or larger than those between HS2-NUVEL1 and HS3-NUVEL1A.
Many changes to the data contribute to the speed up of the estimated Pacific Plate angular velocity. A key change, however, is the change between HS2 and HS3 data sets of the observed Hawaiian rate and its uncertainty. In HS2, the observed Hawaiian rate is 100 ± 20 km Myr −1 (±1σ ), whereas in HS3, it is 108 ± 5 km Myr −1 (±1σ ). Making this single change to the HS2-NUVEL1 data set would produce an increase in the estimated Pacific Plate rate of rotation of 0.09 deg Myr −1 and increase the calculated rate at Hawaii by 10 km Myr −1 , which is more than sufficient to account for the entire change in Pacific Plate rotation rate between HS2-NUVEL1 and HS3-NUVEL1A.
Pacific Plate angular velocity
The Pacific Plate hotspot angular velocities estimated by Minster & Jordan (1978) , Pollitz (1986) and Gripp & Gordon (1990) (both for NUVEL-1 and rescaled to NUVEL-1A) all lie within the 95 per cent confidence ellipsoid of HS3-NUVEL1A (Table 15 , Fig. 5 ). Perhaps surprisingly, the recent estimate by Wessel & Kroenke (1997) lies far outside the 95 per cent confidence ellipsoid of HS3-NUVEL1A ( p < 10 −41 ). Their pole of rotation lies 55
• from that of HS3-NUVEL1A and their rotation rate is 0.14 deg Myr −1 faster (Fig. 5) . The length of the vector difference between their angular velocity and the Pacific Plate angular velocity of HS3-NUVEL1A exceeds the length of the latter (Table 15) . Wessel & Kroenke's (1997) pole is so different from that of HS3-NUVEL1A because their estimate is heavily weighted towards fitting the active to 3 Ma trend of Hawaii at the cost of poorly fitting nearly all other hotspot trends that we use. Fig. 6 shows that their angular velocity predicts directions of motion that have a median misfit to the trends of other chains of ≈50
• , which is huge by any standard. a Instant/Finite refers to whether the model is an instantaneous velocity or finite displacement solution. Finite rotations were approximated as angular velocities by dividing the rotation angle by the given duration of the time interval, except for models including the Hawaiian-Emperor bend, which was rescaled to 47 Ma (see below). b Rotation rate rescaled to a 47 Ma Hawaii-Emperor bend (Sharp & Clague 1999) . c p(χ 2 ν ( ω)) is the probability of obtaining the data as different or more different as the data used herein if the predictions of the specified angular velocity are true. Probabilities of ≤5% are printed in bold. 
M O T I O N B E T W E E N H O T S P O T S
Our angular velocities are estimated assuming that the hotspots are fixed with respect to one another. This assumption is, at best, an approximation, but one that allows us to formulate and to quantitatively test a variety of hypotheses.
Active to 5.0 Ma (HS3 time interval)
The difference between each observed trend (or rate) and the same trend (or rate) predicted from a set of angular velocities, determined after the removal of that one trend (or rate), provides a way to examine how well each datum agrees with the rest of the data. No datum is misfit outside the combined 95 per cent confidence limit of the predicted and observed trend (or rate) (Table 16 , column 4). The misfits, when expressed as a component of velocity relative to the other hotspots, range from a low of 3 ± 145 km Myr −1 (95 per cent confidence limit here and below) for Pitcairn to a high of 40 ± 48 km Myr −1 for Marquesas (Table 16 , column 9). The least uncertain component of motion between hotspots corresponds to the Hawaiian rate, 16 ± 19 km Myr −1 parallel to its observed trend. The most uncertain component of motion between hotspots corresponds to the Pitcairn trend, 3 ± 145 km Myr −1 perpendicular to its observed trend. Typical uncertainties are ±20 to ±40 km Myr −1 , which reflect the resolution of our data and resulting model. Thus our finding of insignificant motion between hotspots is not inconsistent with the 10-20 km Myr −1 motion found by Molnar & Stock (1987) between the Hawaiian hotspot and the hotspots in the Atlantic and Indian oceans over the past 50-65 Myr.
Four 4-Myr-long time intervals
We also repeated these same tests for four data sets with 4 Myr durations: active to 3.2 Ma, 0.0 to 4.0 Ma, 1.0 to 5.0 Ma and 2.0 to 6.0 Ma. For the resulting four global models, χ 2 hotspot indicates consistency with the assumption of fixed hotspots (0.09 ≤ p ≤ 0.76; Table 17 ).
For each of the four data sets, the difference between each observed trend (or rate) and the same trend (or rate) predicted from a set of angular velocities, determined after the removal of that one trend (or rate), was examined. Out of the 43 possible tests, two indicated significant motion: the Hawaiian trend for 2.0 to 6.0 Ma and the Marquesas trend for 2.0 to 6.0 Ma (Table 17) . Because we used the 95 per cent confidence level, for each individual test there is a 5% chance of wrongly concluding that the null hypothesis (i.e. that there is no significant motion between hotspots) is false when it is in fact true. Given that we employed this test 43 times, the expected number of false positives is two, which is consistent with the two positives that we find. Thus, these results give no evidence for motion between hotspots.
C H A N G E I N PA C I F I C P L AT E M O T I O N R E L AT I V E T O T H E H O T S P O T S Hawaii versus the rest of the globe
Interpretation of recent changes in plate motion are very strongly influenced by the alignment of young volcanoes in the Hawaiian chain (Epp 1978; Engebretson et al. 1985; Pollitz 1986; Wessel & Kroenke 1997 ). Here we use sets of hotspot rates and trends to test the consistency between the Hawaiian track and tracks from the rest of the globe. Specifically we examine the trend of the Hawaiian track over four overlapping 4-Myr-long intervals, 2.0 to 6.0 Ma, 1.0 to 5.0 Ma, 0.0 to 4.0 Ma and active to 3.2 Ma, for which the observed Hawaiian trend respectively is 278
• ± 15
• , 293
• ± 9
• , 302
• ± 8
• and 314 • ± 9
• (±1σ ). Thus, between the 2.0 to 6.0 Ma and the active to 3.2 Ma time intervals, the observed Hawaiian trend rotates 36
• ± 17 • (±1σ ) clockwise (CW) ( Table 17) . We compare this with the trend of Hawaii predicted from the rest of the global data for the same four time intervals, for which the predicted Hawaiian trend respectively is 315
• ± 10 • , 312
• and 290
• ± 8 • (±1σ ). Thus, while the observed trend rotates 36 • ± 17
• clockwise, the predicted trend rotates 25 • ± 13
• anticlockwise. The difference between observed and predicted trends progresses over the same four time intervals as follows: −38
• ± 35
• CW (95 per cent confidence limits). Thus, during the past few millions years, the Hawaiian trend is clockwise of that predicted from the rest of the global hotspot tracks, but insignificantly so. For the prior few millions years, the Hawaiian trend is anticlockwise of that predicted and the difference is insignificant or barely significant, depending on the precise time interval considered. These results suggest that the change in trend over the past ≈6 Myr is local to the Hawaiian track and probably within its uncertainty given the observed width of hotspot tracks. These results are not inconsistent, however, with interpretations that postulate a change in Pacific hotspot motion at or before 5 Ma Engebretson et al. 1985; Pollitz 1986; Cande et al. 1995) , but contradict interpretations that place the change at about 3 Ma (Harbert & Cox 1989; Wessel & Kroenke 1997) . The essential conclusion is that great caution should be exercised in interpreting changes in plate motion based on the short-term changes in trend along a single hotspot track. Table 15 . Open triangle is the angular velocity from HS3-NUVEL1A; the shaded ellipsoid is its 2-D 95 per cent confidence ellipsoid from linear propagation of errors and the dashed line is its 2-D 95 per cent confidence limit from exact error propagation. Solid triangles show estimated poles of current plate motion relative to the hotspots (P, Pollitz (1986) ; HS2, Gripp & Gordon (1990) ; MJ, Minster & Jordan (1978) ; M+, Minster et al. (1974) ; WK, Wessel & Kroenke (1997) ). Open squares mark poles of finite rotations with time intervals of 0 to 47 Ma selected from Table 15 (PG, Petronotis & Gordon (1999) ; W+, Watts et al. (1988) ; JC, Jarrard & Clague (1977) ).
The Marquesas chain, which lies on the same plate, makes an interesting contrast with Hawaii. Its length is only 360 km, which is shorter than the length used to estimate three of the four Hawaiian trends. During the 2.0 to 6.0 Ma time interval, the 360-km-long observed Marquesas trend is 44
• ± 26
• CW of the predicted trend. This clockwise misfit of the Marquesas hotspot track relative to other hotspots is coeval with the anticlockwise misfit of the Hawaiian track relative to the other hotspots.
Late Miocene change in Pacific hotspot motion
The most recent clearly resolvable change in Pacific-Antarctic motion occurred at 6-8 Ma (Cande et al. 1995; Atwater & Stock 1998) . Was this change accompanied by a resolvable change in the velocity of the Pacific Plate relative to the hotspots?
Because appropriate error estimates are unavailable for finite rotations of the Pacific Plate relative to the hotspots, the most one can determine is whether a past pole and rate of rotation lie inside the HS3-NUVEL1A 95 per cent confidence ellipsoid (Table 15 ). All finite rotations describing Pacific hotspot motion along the entire Hawaiian Ridge lie outside the 95 per cent confidence ellipsoid of HS3-NUVEL1A when approximated as an angular velocity that has stayed fixed in orientation for tens of millions of years ( p ≤ 2 × 10 −11 ) (Table 15 ; Fig. 5 ). The differences in rotation rate are large, with the HS3-NUVEL1A rate of 1.06 deg Myr −1 being, for example, approximately 50 per cent faster than the average rotation rate since 47 Ma of the Pacific hotspot rotations of Watts et al. (1988) or of Petronotis & Gordon (1999) . On the other hand, the poles of Wessel & Kroenke's angular velocity poorly fits the active to 5 Ma data, with huge (3 to 6 σ ) misfits to half a dozen observations. In contrast, HS3-NUVEL1A fits all the active to 5 Ma data within their uncertainties. Wessel & Kroenke's angular velocity also poorly fits the active to 3.2 Ma data, with huge (3 to 6 σ ) misfits to three observations. Not only are the non-Hawaiian Pacific trends poorly fit, with the Society, Pitcairn and Samoa trends each being misfit by 50 • , but so are non-Pacific trends, with the Yellowstone trend being misfit by more than 100 • and Martin Vaz being misfit by 50 • . In contrast, the angular velocity estimated herein fits all the active to 3.2 Ma data within their uncertainties. rotation for 0-47 Ma lie near the edge of the 95 per cent confidence region for the current pole of rotation (Fig. 5) . These 0-47 Ma poles lie outside the confidence region, but if and when their uncertainties are estimated, we think it is unlikely that the 0-47 Ma poles will prove to differ significantly from the current pole of rotation. Thus, no statistically significant change in direction is resolvable from only the hotspot tracks, although there is other evidence to support a change in direction of motion at 6-8 Ma Cande et al. 1995; Atwater & Stock 1998) . The volcanic propagation rates strongly indicate, however, that the Pacific Plate has sped up relative to the hotspots sometime in the past 47 Myr.
S H O RT -T E R M C H A N G E S I N T R E N D
To explain the short-term (≈4 Myr) changes in trend along hotspot tracks, if real, that are not due to changes in plate motion relative to global hotspots, we suggest three end members for the behaviour of the lithosphere and sublithospheric source. First, if the tracks perfectly trace the zone of melting in the shallow sublithospheric source, then over 4 Myr some melting zones may move relative to each other. At Yellowstone, the surface and mantle tracks appear to be parallel at least at the 8 Ma part of the track. For at least 470 km across the 8 Ma track of Yellowstone, the average fast direction of S waves (244
• , Schutt et al. 1998 ) differs insignificantly from that calculated from HS3-NUVEL1A (249
• ± 21
• 95 per cent confidence here and below). It also differs insignificantly from the trend predicted with Yellowstone removed from the HS3 data set (252
• ± 24 • ) and from the observed trend (241
• ± 47 • ). More complex patterns of S-wave splitting have been observed from isolated measurements in French Polynesia and Hawaii . Second, if the magma in the lithosphere is laterally redirected, then short-term motion between hotspots might be created from an otherwise fixed zone of melting. Flexural stresses, preexisting lithospheric structures, existing volcanoes or lithospheric intrusions might laterally redirect hotspot magma. Hieronymus & Bercovici (1999) have shown that flexural stresses may cause paired volcanic loci to form from a simple source. Based on the distribution of diverse seismic events beneath Kilauea volcano, its magma conduit appears to be subvertical for the first 20 km below the 
c Misfit is the observed datum minus the predicted datum. d I is the data importance when estimating the HS3-NUVEL1A set of angular velocities. e χ 2 is the chi-square of HS3-NUVEL1A minus the chi-square after removing the datum or hotspot in question. f p( χ 2 ) is the probability of obtaining a datum as different or more different as the datum removed if the hotspots are fixed. Differences would be significant only if p < 5 per cent. g v t is the component of motion of the removed hotspot perpendicular to its observed trend relative to that predicted from an angular velocity determined after removing that trend/hotspot. h v r is the component of motion of the removed hotspot parallel to its observed trend relative to that predicted from an angular velocity determined after removing that rate/hotspot. i is the observed length of Galapagos, but the duration is calculated using the rescaled length.
volcano, but becomes more subhorizontal at greater depth (Ryan et al. 1981; Klein et al. 1987) . These interpretations, however, should be considered tentative until confirmed both by events recorded during the earliest years of the seismic network and by detailed source and hypocentre characterization of recorded events. Third, Same conventions as in Table 16 . Active to 3.2 Ma: χ 2 hotspot = 5.6, χ 2 ν = 0.70, ν = 8, p(χ 2 = 5.6) = 70%; 0.0 to 4.0 Ma: χ 2 hotspot = 7.9, χ 2 ν = 0.88, ν = 9, p(χ 2 = 7.9) = 54%; 1.0 to 5.0 Ma: χ 2 hotspot = 4.2, χ 2 ν = 0.61, ν = 7, p(χ 2 = 4.2) = 75 %; 2.0 to 6.0 Ma: χ 2 hotspot = 12.3, χ 2 ν = 1.8, ν = 7, p(χ 2 = 12.3) = 9%. Calculated duration is l obs /|v cal |, where v cal is calculated from HS3-NUVEL1A. Values printed in bold either (1) have differences in trend or v t that differ significantly from zero at the ≥95 per cent confidence limit or (2) have probabilities of ≥5 per cent.
if the zone of melting is as broad or broader than the surface width estimated from the dispersion of volcano locations, but the volcanoes form above only part of the melting zone, then the trends measured from the volcanoes might be irregular even if the geometry of the melting zone is time invariant and magma only moves vertically. At the 8 Ma section of the Yellowstone track, the basalt-covered calderas of the Snake River Plain are underlain in the mantle by a zone of low P-wave speed that is 125 km wide and 200 km deep (Saltzer & Humphreys 1997) . This width is close to the 130 km width we estimate for hotspot tracks on older lithosphere. Beyond the plain, the rocks have high P-wave speed, which Saltzer & Humphreys (1997) suggest is buoyant residuum. It remains unclear, however, how an 8-Myr-old mantle width relates to the zone of melting beneath an active hotspot.
C O N C L U S I O N S
(1) Over the past ≈5.8 Myr, the average width of hotspot tracks on older lithosphere is ≈130 km (=4σ ), as indicated by the dispersion of volcanoes about the great circles that best fit the Hawaiian, Juan Fernandez, Marquesas, Pitcairn, Samoan and Society tracks. The width of hotspots on young lithosphere may be much wider, ≈220 km, as suggested by the dispersion about the Galapagos track.
(2) These widths are many times greater than the typical 1-5 km transition width of magnetic anomalies due to seafloor spreading (Macdonald 1986) or the 0.5-2 km width of transform fault zones (i.e. the width of the zone of current deformation) (Fox & Gallo 1984 Searle 1986 ). Thus current plate motion relative to hotspots can be estimated only with much lower accuracy than can current relative plate motion.
(3) The uncertainties for hotspot trends and rates, which are objectively estimated herein, are mutually consistent with the assumption that hotspots are fixed. Motion between hotspots is statistically insignificant over the past ≈5.8 Myr, with the 95 per cent confidence limit on such motion typically being ±20 to ±40 km Myr −1 and the largest confidence limit being ±145 km Myr −1 . (4) The change, if any, in Pacific Plate motion relative to global hotspots at 2 to 3 Ma cannot be resolved from available data. The change in Pacific Plate direction of motion relative to hotspots at 6 to 8 Ma inferred from its change in motion relative to the Antarctic Plate also cannot be statistically significantly resolved from only hotspot tracks.
(5) Hotspot data sets with durations of 6-7 Myr produce stable results, but data sets with durations of 4 Myr or less produce unstable results.
(6) Except for the AM1 angular velocity (Minster et al. 1974 ) and 0-3.0 Ma angular velocity of Wessel & Kroenke (1997) , prior estimates of current motion of the Pacific Plate relative to the hotspots differ insignificantly from our new Pacific Plate angular velocity relative to the hotspots. Current Pacific Plate motion relative to the hotspots is about 50 per cent faster than its average over the past 47 Ma (the age of the Hawaiian-Emperor bend; Sharp & Clague 1999) , but no statistically significant change in direction of motion is resolvable.
(7) Nine of the fourteen HS2-NUVEL1 angular velocities lie outside the 95 per cent confidence region of the corresponding HS3-NUVEL1A angular velocity, while all fourteen of the HS3-NUVEL1A angular velocities lie inside the 95 per cent confidence region of the corresponding HS2-NUVEL1 angular velocity.
(8) There is a significant net rotation of the lithosphere relative to the hotspots of 0.44
• ± 0.11 deg Myr −1 (95 per cent confidence level) about a pole of 56
• E. (9) Continental plates tend to move more slowly than oceanic plates but there is much overlap in rms velocities with, for example, the Juan de Fuca, Scotia and Nazca plates all moving slower than the South American, Indian and Australian plates.
(10) Plates with a substantial fraction (28-44 per cent) of their boundary attached to subducting slabs tend to move faster than plates with little or no slab, but with overlap in rms velocities (Forsyth & Uyeda 1975) . Among the plates with substantial attached slab, the speed tends to increase with increasing age of the lithosphere being subducted (Carlson et al. 1983) .
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R E F E R E N C E S
consists of conical seamounts, guyots, atolls, and volcanic islands, which young to the southeast along the chain's 6100 km length (Clague & Dalrymple 1987; Clague 1996) . Four distinct eruptive stages are typical of Hawaiian volcanism, although some stages are unknown, and possibly missing, from some volcanoes (Clague & Dalrymple 1987) . Hawaiian volcanoes begin their submarine growth in the alkalic preshield stage (1-4 per cent of volcano volume). Analyses of rocks dredged from Loihi Seamount, which is the youngest shield volcano in the Hawaiian chain and the only example of preshield volcanism, suggest that preshield lavas are dominantly alkalic basalts and basanites. The next stage is the tholeiitic shield stage (95-98 per cent volcano volume), during which tholeiitic lavas erupt from the summit caldera and rift zones. The shield stage is followed immediately by the eruption, especially near the summit, of a thin veneer of alkalic lavas. These lavas of the alkalic postshield (or capping) stage include alkalic basalts and their differentiates out to trachytes. The low volume (1 per cent volcano volume) postshield stage lasts less than 1 Myr, after which erosion and reef growth begin to dominate the shaping of the edifice. Up to several million years later, erosion is slowed briefly by the eruption of a small volume (<1 per cent volcano volume) of lavas from isolated vents. These lavas of the alkalic posterosional (or rejuvenated) stage include alkalic basalts and strongly alkalic basalts such as basanites, nephelinites and melitites. Subaerial Hawaiian volcanism typically lasts 4 Myr. We assign volcano age to be the age of the shield-postshield transition (see Clague & Dalrymple (1987) for a discussion of other assignments of volcano age). Scattered minor volumes of alkalic and strongly alkalic volcanism occur on the flexural arch around Hawaii (Lipman et al. 1989; . The radiogenic isotopic ratios of the north arch lavas are similar to those of some posterosional rocks and lie between those of the Hawaiian shield stage and modern south Pacific mid-ocean-ridge basalt (MORB) (Frey et al. 2000) . Along the Hawaiian Ridge, the volcanoes appear to be aligned along curves (called loci) which trend up to tens of degrees clockwise of the gross trend of Hawaiian Ridge (Jackson et al. 1972) . As originally defined, the youngest Hawaiian islands have two loci running through them: the Kea locus (Kilauea, Mauna Kea, Kohala, Haleakala, West Maui and East Molokai volcanoes) and the Loa locus (Mauna Loa, Hualalai, Kahoolawe, Lanai, West Molokai, Koolau, Waianae and Olokele volcanoes). The geochemistry of these two loci may be distinct from each other in major elements and isotopic ratios (Lassiter et al. 1996; Eiler et al. 1996) , but the geochemistry may also vary systematically in a single locus (Ihinger 1995) . Because the composition of such a small percentage of the volcanic piles have been measured and some measured samples are weathered, whether the two loci have distinct chemical styles is an open question. There are also several ways to 'connect the dots' and not all volcanoes lie along one of the loci as currently drawn (e.g. Niihau Island and Penguin Bank). Thus we base the trend of Hawaii on all volcanoes rather than on that of a particular locus.
Marquesas
The Marquesas Islands lie on the Pacific Plate in northernmost French Polynesia (Fig. A2) . The Marquesas archipelago consists of seamounts and islands with a rough, SSE-younging age progression along its short 350 km known length Desonie et al. 1993) . The current location of the Marquesas hotspot is unknown and its track before 7 Ma may (Fleitout & Moriceau 1992) or may not exist. Although most outcrops are alkalic, subaerial tholeiitic flows occur in the most deeply dissected volcanoes and in a 700-m-deep drill hole on Eiao Brousse et al. 1990; Caroff et al. 1995) . On Ou Pou there is a 1.6 Myr eruptive hiatus between the alkalic and tholeiitic flows , while in the Eiao drill hole the change occurs in <0.34 ± 0.09 Myr (Caroff et al. 1995) . We assign volcano age to be that of the oldest moderately reliable age date, which leads to very scattered ages. When choosing volcanoes for our time windows, we rely most heavily on the youngest tholeiitic ages.
Society
The Society Islands lie on the Pacific Plate in central French Polynesia (Fig. A3) . Diffuse volcanism is typical of the Society hotspot throughout its history, a clear record of which exists for only the past 5 Myr (480 km). The volcanic island of Maiao lies 60 km off the main ridge of the Society Archipelago. Tetiaroa, an undated atoll, lies 50 km off the other side of the ridge, although it might be part of another track. The region of active volcanism spans a diameter of 70 km. The tiny island of Mehetia, five large seamounts, and many more smaller seamounts are active (Cheminee et al. 1989; Hekinian et al. 1991; Binard et al. 1991 Binard et al. , 1992a . Older low-K tholeiitic rocks have been dredged from two of the larger seamounts, Turoi and Cyana, and from some of the smaller seamounts, including Seismic Volcano 1, indicating that most of their volume formed long ago, perhaps on ridge Binard et al. 1992a) . We assign volcano age to be the age date of the youngest basalts from the shield stage. To calculate trends we use only those large seamounts from which no low-K tholeiitic rocks have been dredged.
Pitcairn
Pitcairn Island lies on the Pacific Plate in easternmost French Polynesia (Fig. A4) . The 1100-km-long Pitcairn-Gambier chain consists of seamounts, atolls and volcanic islands with a wellbehaved, SE-younging age progression (Guillou et al. 1993) . The lineament, although undated, continues to the NW through the Duke of Gloucester Islands. The Mid-Pacific Mountains and some of the Line Islands may be older parts of the track (Gordon & Henderson, unpublished manuscript 1985) . The neighbourhood of 0.9 Myr old Pitcairn Island ) is dotted with older atolls of the Oeno-Henderson lineament, which were possibly caused by the passage of an earlier hotspot (called HS2 by Okal & Cazenave 1985) . The present location of the Pitcairn hotspot is marked by two large seamounts with fresh alkalic lavas that lie about 80 km ESE of Pitcairn Binard et al. 1992b) . Because the width of Pitcairn is small and the plate speed high, we use this short 90-km-long segment. 
Macdonald
Macdonald Seamount lies on the Pacific Plate in southernmost French Polynesia (Fig. A5) . The Austral-Cook chain consists of seamounts, atolls and islands with a complex age progression along its length of more than 2000 km (Johnson & Malahoff 1971 ; Figure A5 . Bathymetric map of the Macdonald hotspot region. Solid triangle, volcano with the non-numerical age of active; solid square, a volcano roughly 5 Myr old; asterisks overlain by the small solid squares, older volcanoes on which Macdonald volcanism has also occurred. Thin arrow shows the observed Macdonald trend. Other arrows and 2-D 95 per cent confidence ellipses are scaled to show the displacement and corresponding uncertainty over 5.8 Myr. Thick arrow shows motion calculated from HS3-NUVEL1A. Dashed arrow shows motion predicted by removing the Macdonald trend. Bathymetry is from Mammerickx (1992a) . Islands are shaded, even 1000 m contours are solid, and odd 1000 m contours are dotted. Mercator projection. Dalrymple et al. 1975; Duncan & McDougall 1976; McNutt et al. 1997) . As early as 1964, Menard noticed the unusual intermixing of guyots and islands (Menard 1964) . Some islands show an ESE-younging progression of shield ages with a 0 Ma intercept at Macdonald, but among these are younger and older episodes of shield-and nonshield-building (Turner & Jarrard 1982; McNutt et al. 1997) . Instead of a single Macdonald hotspot, several additional hotspots, including the Foundation hotspot (O'Connor et al. 1998) , may have passed through the Tubuai-Cook islands (Diament & Baudry 1987; Baudry et al. 1988; Gordon & Henderson, unpublished manuscript, 1985; Fleitout & Moriceau 1992) . Bonatti et al. (1977) , Turner & Jarrard (1982) , Mammerickx (1992b) and McNutt et al. (1997) proposed or applied the concept of hot lines to ocean-island volcanism that occurs in a line without the monotonic age progression required by the definition of a hotspot. To measure trends we use only volcanoes on which no older rocks have been found. Thus, we discard Ra and Marotiri and keep Macdonald and Rapa, although after this data set was finalized an older seamount was found on the flank of Macdonald (Reynolds & Jordahl, pers. comm. 1999 ).
Samoa
The Samoa Islands lie on the Pacific Plate just north of the northern corner of the Tonga-Kermadec Trench (Fig. A6) . The track of the Samoa hotspot, if it exists, consists of at least 1000 km of volcanic islands and guyots (Duncan 1985) and seamounts. Shield-building ages roughly decrease to the east (at least east from 13.5 Myr-old Combe Bank), although the observed volcanic propagation rate is about 20 km Myr −1 slower than that predicted by plate reconstructions (Duncan 1985) . Another inconsistency is that shield volcanism has occurred in the past 0.5 Myr in the Wallis Islands (Price et al. 1991) , which lie one-third of the way from 13.5 Myr old Combe Bank to the Samoa Islands. Natland (1980) suggested that Samoan volcanism may be caused by disturbances in the mantle due to the corner in the Tonga trench, although the He 3/He 4 ratios in shield lavas suggest that primitive mantle is being tapped (Farley et al. 1990; Poreda & Farley 1992) . On Savai'i, Upolu and possibly Tutuila, posterosional basanites and nephelinites have erupted along a single 110
• -striking fissure system that parallels the local strike of the nearby Tonga trench (Natland 1980) . This suggests that the stress field caused by the flexure of the subducting Pacific Plate influences the geometry of the posterosional volcanism (Natland 1980) and by analogy may influence the geometry of the volcano locations. While acknowledging the likely influence of the trench, we still consider Samoa to be a hotspot based on its He 3 anomaly, age progression and generally Hawaiian eruptive sequence. After finalizing this data set, Rockne Volcano, which had been known only from an echo-sounding survey (Johnson 1984) , was finally sampled and fresh alkalic basalts were found (Hart et al. 1999) .
Galapagos
The Galapagos Islands lie on the Nazca Plate just south of the Cocos Plate (Fig. A7) . The Galapagos hotspot simultaneously created 1000-km-long tracks on these two plates: the westwardyounging Carnegie Ridge on the Nazca Plate and the SSW-younging Cocos Ridge on the Cocos Plate (Holden & Dietz 1972; Johnson & Lowrie 1972) . By 5 Ma the Galapagos Spreading Centre had shifted to the north and the bulk of the volcanism had switched from onridge to near-ridge (Hey 1977) . Although the greatest concentration of hotspot volcanism lies 150 to 250 km south of the spreading ridge, the Galapagos Spreading Centre still shows geochemical contamination by the Galapagos hotspot (Schilling et al. 1976; Verma et al. 1983) .
On the Nazca Plate, young volcanoes form a roughly east-weststriking island-dotted ridge (the westernmost Carnegie Ridge) and a NW-striking chain of isolated volcanoes (the Wolf-Darwin lineament). The basalts from the archipelago have variable incompatible elements and isotopic ratios, which range from those similar to the contaminated MORB's of the Galapagos spreading centre to those typical of ocean-island basalt (OIB) (Geist et al. 1988 ; Figure A6 . Bathymetric map of the Samoa islands. Solid squares, volcanoes younger than 5 Ma; solid diamonds, young, but undated volcanoes that were used to calculate the trend; ×'s, unsampled Rose Atoll and Rockne Volcano, which was confirmed to be active after this data set was finalized. Thick, solid line is the active plate boundary (Brocher & Holmes 1985) . Thick, dashed line is the posterosional fissure system of Natland (1980) . Thin arrow shows the observed Samoa trend (although some radiometric dates from the Wallis Islands indicate they are younger than 5 Ma, there were not used to estimate trend). Other arrows and 2-D 95 per cent confidence ellipses are scaled to show the displacement and corresponding uncertainty over 5.8 Myr. Thick arrow shows motion calculated from HS3-NUVEL1A. Dashed arrow shows motion predicted by removing the Samoa trend. Bathymetry is from Mammerickx (1992a) . Islands are shaded, even 1000-m contours are solid, and odd 1000-m contours are dotted. Mercator projection. Hagen et al. (1990) and bathymetry is from GEBCO (1982) . Islands are shaded, even 1000 m contours are solid, and odd 1000 m contours are dotted. Mercator projection. Harpp & White 1990; McBirney 1990; White et al. 1993) . In general the MORB-like basalts occur along the centre of the Carnegie Ridge while those typical of OIB's occur along the periphery of the ridge and along the Wolf-Darwin lineament (Harpp & White 1990; McBirney 1990; Geist 1992; White et al. 1993) . Based on limited vertical exposures (due to low erosion rates, Standish et al. 1998) , each island seems to have a different eruptive history (Geist 1992) , which may include shield building, fissure eruption, caldera collapse and normal faulting (e.g. Geist et al. 1985 Geist et al. , 1986 Vicenzi et al. 1990 ). The Wolf-Darwin lineament may form by the sublithospheric channeling of the hotspot source to the spreading ridge (Morgan 1978) . Because the Wolf-Darwin volcanoes are isostatically compensated and have ages younger than the seafloor, Feighner & Richards (1994) instead suggest these islands overlie a fault. Volcanism has occurred on most of the islands in the Galapagos archipelago in the past 0.1 Myr (White et al. 1993) . Based on rocks dredged from the Carnegie Ridge, a broad distribution of volcanism (at least 140 km measured west to east) has been typical of the Galapagos hotspot for at least the past 6 Myr (Sinton et al. 1996) . Because there is no known consistent eruptive sequence, we assign volcano age to be the oldest age estimate that we judge to be moderately reliable. Although some small young seamounts have been dredged and dated along the Carnegie Ridge (e.g. Sinton et al. 1996) , to have a uniform data set we only use subaerial volcanoes, except for one submarine feature that is 5.8 Myr old.
Easter-Sala y Gomez
The islands of Easter and Sala y Gomez lie on the Nazca Plate just east of the Easter microplate (Fig. A8) . The young volcanism that occurs on these islands as well as that at San Felix and Pitcairn led Bonatti et al. (1977) to propose that the extensive volcanism was caused by a hot line. Treated as a single hotspot, the track of the Easter-Sala y Gomez hotspot consists of the older mirrorimage northern Tuamotus on the Pacific Plate and the Nazca Ridge on the Nazca Plate and the younger, non-mirrored Sala y Gomez Ridge on the Nazca Plate (Pilger & Handschumacher 1981; Okal & Cazenave 1985) . Limited age dates along the Sala y Gomez Ridge show monotonic westward younging (O'Connor et al. 1995) . On the Pacific Plate the en echelon ridges between Crough Seamount and the Easter Microplate might be a weak young Pacific hotspot track (Hekinian et al. 1995) or they might be related to the Easter Microplate (Binard et al. 1996) . The spreading centres of east and west rifts of the Easter Microplate erupt E-MORB, which contains slightly more incompatible elements than normal MORB, with highly radiogenic lead (Hannan & Schilling 1989; . Eastward of the microplate, the Nazcan seafloor is barren of recent volcanism for 130 km until the active Ahu and Umu volcanic fields are reached (Hagen et al. 1990; Stoffers et al. 1994) . In the 100 km span between these volcanic fields and Easter Island lie two seamounts having older lavas that are similar to those of the tholeiitic volcanic fields, but having younger lavas that are transitional and similar to many of the older rocks on Easter Island (Haase et al. 1997) . Using the volcano and ridge geometry and major, trace and unstable elements, Haase et al. (1997) divided Easter volcanism into three, possibly time sequential groups: first, the tholeiitic Volcanic Field Group; second, the transitional Main Group; and third, the transitional, but more differentiated Roiho Group. Based on modelling of major, trace, and unstable elements, the deepest and hence hottest mantle temperatures occur beneath the volcanic fields , indicating that the tholeiitic volcanic fields, rather than the islands, best mark the active hotspot. Using an overlapping set of geochemical data, Pan & Batiza (1998) suggest instead that the sublithospheric hotspot source is under Sala y Gomez Island. Neglecting the conflicting petrologic modelling, we prefer the first interpretation because geomorphologically Sala y Gomez volcano is older than Easter Island. We assign volcano age to be the age of the transition between the Volcanic Fields Group and Main Group. We use only the volcanoes of Easter Island and westward to estimate the observed trend.
Juan Fernandez
The Juan Fernandez Islands lie on the Nazca Plate in the southern Pacific Ocean (Fig. A9) . The track consists of two westwardyounging main islands and many isolated seamounts that span 800 km and disappear into the Peru-Chile trench (Stuessy et al. 1984) . Because the stratigraphy of the islands is poorly known and dated, we assign volcano age to be the oldest radiometric date on each island.
Yellowstone
The Yellowstone hotspot lies on the North American Plate and its track spans at least 800 km and 16 Myr (Fig. A10) (Morgan 1972; Armstrong et al. 1975; Suppe et al. 1975; Pierce & Morgan 1992; Smith & Braile 1994) . The track is marked by bimodal volcanism (rhyolites and basalts) at its young, northeast end and thick flood basalts underlain by older bimodal volcanics along the rest of its length (Armstrong et al. 1975; Leeman 1982) . For the past 2.2 Myr, bimodal eruptive activity has been restricted to the Yellowstone Plateau volcanic field (Armstrong et al. 1975; Christiansen 1982) . The Yellowstone field consists of three overlapping and partially nested calderas, which formed by the eruption of huge rhyolitic ash-flow sheets, and a much smaller volume of basaltic and rhyolitic flows (Christiansen & Blank 1972) . Volcano location of these calderas is the centre of moment of the caldera. Rhyolitic magma for the next catastrophic eruption may be accumulating in the upper crust beneath the northeastern rim of Yellowstone caldera. Evidence for this magma body includes low P-wave speed and low gravity, both of which are consistent with a 10-50 per cent partially melted rhyolitic body (Lehman et al. 1982; Schilly et al. 1982) . Because a parabolic zone of normal faulting progresses with the rhyolitic ash flow volcanism (Anders et al. 1989) , the geometry of the Yellowstone track may poorly reflect the velocity of the North American plate relative to a global hotspot model (Rodgers et al. 1990 ). In HS3-NUVEL1A, however, the misfits of Yellowstone are quite typical, suggesting that whatever complexity is added by the Basin and Range, it is not significantly greater that what is happening at oceanic hotspots. For example, the observed and predicted Yellowstone trends differ only by 11
• ± 52 • (95 per cent confidence here and below) ( Table 16 ). The observed and predicted Yellowstone rates differ only by 9 ± 32 km Myr −1 , which is less than the 16 ± 19 km Myr −1 misfit of Hawaii and the 19 ± 21 km Myr −1 of Society (Table 16 ).
Martin Vaz
The island of Trindade and the nearby islands of Martin Vaz lie on the South American Plate in the south Atlantic Ocean about 1400 km east of Rio de Janeiro (Fig. A11) . The eastward-younging track of the Martin Vaz hotspot consists of volcanic islands, guyots, conical seamounts and alkalic rocks of the Sao Paulo-Rio de Janeiro littoral belt (Almeida 1961; Burke & Dewey 1973; Baker 1973; Herz 1977) . We assign the age of Trindade to be 3.35 ± 0.29 Myr, which is the oldest K-Ar date from one of the less altered samples from the basal complex (Cordani 1968 (Cordani , 1970 . The easternmost island group, Ilhas Martin Vaz, has one K-Ar date of 60 Ma, which is inconsistent with Figure A10 . Map of the Yellowstone hotspot region. Solid triangle, the centre of the zone of low wave speed; solid squares, the centres of calderas that erupted huge rhyolitic ash-flow sheets since 5 Ma; solid circles, the centres of calderas that erupted huge rhyolitic ash-flow sheets before 5 Ma. The approximate boundaries of all six calderas are outlined in various patterns (Christiansen 1984; Pierce & Morgan 1992) the young age of Trindade, and another date of <0.73 Ma, which suggests there may have been a mix up in the samples (Cordani 1970) . Because the width of Martin Vaz is small and the plate speed moderate, we use the trend from this short (50-km-long) segment.
A P P E N D I X B : L E N G T H O F T I M E I T TA K E S A V O L C A N O T O G RO W
Straight-line fits to assigned volcano age vs distance along the Hawaii and Society chains both indicate that it takes 0.7 Myr to build volcanoes in these chains ( Table 2 ). The estimate of 0.7 Myr neglects the time elapsed while 1-km-deep Loihi and 3-km-deep Volcano 16 grew to their current sizes. Hawaiian volcanoes are roughly spaced 35 km apart when projected onto a single trend. If we assume the next Hawaiian volcano is about to erupt 35 km from Loihi and extrapolate from the observed Hawaiian volcanic propagation rate, then this hypothetical volcano would end its shield building 1.1 Myr from now. Prior estimates of the time it takes to grow a Hawaiian volcano through shield building are 0.5-1.5 Myr (Jackson et al. 1972) , 0.2 Myr (Wright et al. 1979) , and 0.6 Myr (Moore & Clague 1992) . As the duration of the main phase of volcano growth we use 0.8 Myr, which follows from a fit to the Hawaiian rate from volcanoes from Waianae (3.1 Ma) and eastward, which lies between our two estimates (0.7 Myr and 1.1 Myr) above, and is close to the most recent independent estimate (i.e. that of Moore & Clague 1992) .
